One proposed contributory mechanism for depressed ventricular performance after hypothermic, hyperkalemic cardioplegic arrest is a reduction in myocyte contractile function caused by alterations in intracellular calcium homeostasis. Because 2,3-butanedione monoxime decreases intracellular calcium transients, this study tested the hypothesis that 2,3-butanedione monoxime supplementation of the hyperkalemic cardioplegic solution could preserve isolated myocyte contractile function after hypothermic, hyperkalemic cardioplegic arrest. Myocytes were isolated from the left ventricles of six pigs. Magnitude and velocity of myocyte shortening were measured after 2 hours of incubation under normothermic conditions (37 ° C, standard medium), hypothermic, hyperkalemic cardioplegic arrest (4 ° C in Ringer's solution with 20 mEq potassium chloride), and hypothermic, hyperkalemic cardioplegic arrest with 2,3-butanedione monoxime supplementation (4 ° C in Ringer's solution with 20 mEq potassium chloride and 20 mmol/L 2,3-butanedione monoxime). Because ~-adrenergic agonists are commonly employed after cardioplegic arrest, myocyte contractile function was examined in the presence of the ~-agonist isoproterenol (25 nmol/L). Hypothermic, hyperkalemic cardioplegic arrest and rewarming reduced the velocity (32%) and percentage of myocyte shortening (27%, p < 0.05). Supplementation with 2,3-butanedione monoxime normalized myocyte contractile function after hypothermic, hyperkalemic cardioplegic arrest. Although 13-adrenergic stimulation significantly increased myocyte contractile function under normothermic conditions and after hypothermic, hyperkalemic cardioplegic arrest, contractile function of myocytes exposed to l~-agonist after hypothermic, hyperkalemic cardioplegic arrest remained significantly reduced relative to the normothermic control group. Supplementation with 2,3-butanedione monoxime restored i~-adrenergic responsiveness of myocytes after hypothermic, hyperkalemic cardioplegic arrest. Thus, supplementation of a hyperkalemic cardioplegic solution with 2,3-butanedione monoxime had direct and beneficial effects on myocyte contractile function and 18-adrenergic responsiveness after cardioplegic arrest. A potential mechanism for the effects of 2,3-butanedione monoxime includes modulation of intracellular calcium transients or alterations in sensitivity to calcium. Supplementation with 2,3-butanedione monoxime may have clinical utility in improving myocardial contractile function after hypothermic, hyperkalemic cardioplegic arrest. (J THORAC CARDIOVASC SURG 1996;111:621-9) 
M
Yocardial preservation during cardiopulmonary bypass for cardiac surgery has traditionally involved the use of hypothermic, hyperkalemic cardioplegia. 1 The fundamental basis for the clinical use of hyperkalemic cardioplegia is that it causes rapid membrane depolarization and produces a quiescent heart. 2 This membrane depolarization in the presence of elevated extracellular potassium concentrations results in a cessation of contractile activity, thereby reducing metabolic demands within the myocyte.3, 4 Extracellular hyperkalemia has significant effects on ionic homeostasis, however, and causes an intracellular calcium overload state that, with reperfusion, has been shown to result in alterations in contractile performance and abnormal regulation of intracellular enzyme systems and volume regulatory mechanisms, s-l° Furthermore, any myocyte ischemia during cardioplegic arrest contributes to the increased intracellular concentration of free calcium and myocyte damage. 11-14 Because increases in intracellular calcium associated with hyperkalemic cardioplegic arrest appear to play a pivotal role in myocyte contractile dysfunction and derangements in metabolic processes, prevention of an elevated intracellular calcium state during hyperkalemic cardioplegic arrest may preserve myocyte contractile function.
The agent 2,3-butanedione monoxime (BDM) has the ability to uncouple cardiac excitation from contraction, prolong myocardial ischemic tolerance, and protect ischemic myocardium from calciuminduced adenosine triphosphate (ATP) loss and the damaging effects of ischemic contracture. 15' 16 Although the exact mechanism by which BDM affects contractile activity is not completely understood, in part BDM appears to cause a reduction in myofibrillar sensitMty to calcium. 17-19 Moreover, BDM has been shown to decrease intracellular calcium transients secondary to a reduction in the release of calcium from the sarcoplasmic reticulum and a reduction in the transsarcolemmal calcium lCttlX. 1s '20-22 BDM-induced decreases in myocyte calcium transients and myofibrillar sensitivity to calcium may prove useful in attenuating the derangements in myocyte contractile function and metabolic regulatory processes associated with a calcium overload state after hyperkalemic cardioplegic arrest. Our purpose in this study was therefore to examine the effects of BDM supplementation of hyperkalemic cardioplegia on myocyte contractile function and cellular swelling in an isolated myocyte model of hypothermic, hyperkalemic cardioplegic arrest to better understand both optimal myocardial preservation and contractile dysfunction associated with hyperkalemic cardioplegic arrest.
Methods
Myocyte isolation and contraction. Myocyte isolation and measurement of myocyte contractile function were performed according to previously described methods, well characterized by reports from this laboratory. & 9. 23 Yorkshire swine were the source of myocytes used in this study. All animals were cared for and treated in accordance with the "Guide for the Care and Use of Laboratory Animals" prepared by the Institute of Laboratory Animal Resources and published by the National Institutes of Health (NIH Publication No. 86-23, revised 1985). Surgical anesthesia was provided with 2% isoflurane in oxygen, and the heart was quickly removed and placed in an oxygenated Krebs solution. A portion of the left ventricular free wall (5 × 5 cm) containing the circumflex artery was excised and used for myocyte isolation. After cannulation of the circumflex artery and ligation of distal branches, the tissue was rinsed free of blood with 30 ml modified Krebs solution containing 5 mmol/L nitrilotriacetic acid and 0.1% bovine serum albumin. Cofiagenase (0.5 mg/ml, Worthington Biochemical Corp., Freehold, N.J.; type II, 146 U/rag) was added to the solution and the myocardium was perfused for 35 minutes. The tissue was then minced into 2 mm sections and added to an oxygenated solution containing 2% bovine serum albumin, deoxyribonuclease II (DNase, 51 Kunitz units/ml, type IV; Sigma Chemical Co., St. Louis, MoO, 300/~mol/L calcium chloride, and 0.5 mg/ml collagenase. The supernatant was removed and the myocyte pellet was resuspended in standard cell culture medium (2 mmol/L Ca 2+, medium M199; Life Technologies, Gaithersburg, Md.). A 2 ml aliquot of the isolated myocyte suspension was then plated onto coverslips coated with a basement membrane substrate (Matrigel; Collaborative Biomedical Inc., Bedford, Mass.), stabilized at 37 ° C in oxygenated medium for 60 nlinutes, and then randomly assigned to treatment protocols after measurement of baseline contractile function. Viable myocytes included those that retained a rod shape, were calcium tolerant, and excluded trypan blue dye. The percentage of viable myocytes averaged 80% _+ 3%, with no significant differences between treatment groups.
For contractile function measurements, myocytes were placed in a thermostatically controlled chamber containing standard cell culture medium (37 ° C) for imaging on an inverted microscope (Axiovert IM35; Carl Zeiss, Oberkochen, Germany). The chamber (2.5 ml) contained two stimulating platinum electrodes and a miniature thermocouple (CN7100; Omega Engineering, Inc., Stamford, Conn.). Imaging of myocytes was accomplished with a ×20 Hoffman Modulation Contrast Objective (Modulation Optics, Inc., Greenvale, N.Y.) with a final magnification of × 1100. Myocyte contractions were elicited by field stimulating the tissue chamber at 1 Hz (Sll; Grass Instrument Co., Quincy, Mass.) with current pulses of 5 msec duration and voltages 10% above contraction threshold. A standard voltage (3 volts) was delivered to the medium for all myocytes studied. Polarity of the stimulating electrodes was alternated at every pulse to prevent accumulation of electrochemical byproducts. Myocyte contractions were imaged with a charge-coupled device with a noninterlaced scan rate of 240 Hz (GPCD 60; Panasonic Co., Secaucus, N.J.). Myocyte motion signals were captured with the cell parallel to the video raster lines, and this video signal was input through an edgedetector system (Crescent Electronics, Sandy, Utah). Changes in light intensity at the myocyte edges were used to track myocyte motion. The distance between the left and right myocyte edges was converted into a voltage signal, digitized, and input to a computer (80286, ZBV2526; Zenith Data Systems, St. Joseph, Mich.) for subsequent analysis. Stimulated myocytes were allowed a 5-minute stabilization period after electrical stimulation, and contraction data for each myocyte were recorded from a minimum of 20 consecutive contractions. Parameters computed from the digitized contraction profiles included the following: magnitude of shortening (expressed as a percentage), velocity of shortening (in micrometers per second), velocity of relengthening (in micrometers per second), time to 50% relaxation (in milliseconds), total contraction duration (in milliseconds), and time to peak contraction (in milliseconds). Myocyte percentage shortening was determined as the percentage difference between maximum and minimum cell length for each contraction. Myocyte shortening velocity computations were obtained by differentiating the digitized contraction profiles. The time to peak contraction was computed by calculating the time required for the differentiated velocity profile to reach zero velocity after the start of contraction. All parameters were calculated for each contraction and the results were averaged for the 20 contractions observed.
Cardioplegia and drug administration. After determination of initial myocyte contractile function, myocytes were randomly assigned to one of three treatment protocols. (1) In the normothermic control group, the following protocol was performed: Myocytes were incubated at 37 ° C in Ringer's solution containing 30 mmol/L sodium bicarbonate (pH 7.8, 280 mOsm) and then stored for 2 hours at 37 ° C in a 95% oxygen environment. (2) In the cardioplegia group, the following protocol was performed: Myocytes were incubated at 4 ° C in Ringer's solution containing 24 mEq/L potassium chloride and 30 mEq/L sodium bicarbonate (315 mOsm), then stored at 4 ° C for 2 hours with subsequent rewarming for 10 minutes. (3) In the BDM-cardioplegia group, the following protocol was performed: Myocytes were incubated at 4 ° C in Ringer's solution containing 24 mEq/L potassium chloride, 30 mEq/L sodium bicarbonate, and 20 mmol/L BDM (453 mOsm), then stored at 4 ° C for 2 hours with subsequent rewarming in standard cell culture medium for 10 minutes. This concentration of BDM (20 retool/L) was chosen because it has been shown to inhibit force development in cultured ventricular myocytes and to improve myocardial ischemic tolerance without adverse effects on isolated myocyte viability. 15, 24 After the respective treatment protocol and rewarming, myocytes were transferred to the stimulation chamber, electrical stimulation was initiated, and steady-state contractile function measurements were obtained as described in the previous section. Because initial pretreatment myocyte contractile function did not differ significantly from myocyte contractile function in the normothermic control group, only values for the normothermic control group are reported. After measurement of contractile function, myocytes were exposed to 25 nmol/L isoproterenol and measurements of contractile function were repeated. The oxygen tension of the incubation medium did not differ significantly between treatment groups at the beginning or end of the experimental protocol and ranged between 210 and 270 mm Hg.
Myoeyte dimensions. Resting myocyte length (/xm) was measured under normothermic control conditions and after hypothermic, hyperkalemic cardioplegic arrest with and without BDM supplementation of the cardioplegia solution. To examine more carefully the issue of myocyte swelling after cardioplegic arrest, myocytes from the normothermic control group, cardioplegia group, and BDMcardioplegia group were immediately placed in a buffered sodium cacodylate solution containing 2% paraformaldehyde and 2% glutaraldehyde (pH 7.4, 325 mOsm). The isolated myocytes were then imaged with a ×10 phasecontrast objective. The image was input into an imageanalysis system (IBAS 2000 Image Analysis System; Carl Zeiss) and the images were digitized at 512 × 512 line resolution and 256 gray levels. Individual cell profiles were automatically discriminated by gray level to determine myocyte profile surface areaY Data analysis. Changes in indexes of myocyte function between the control and cardioplegia groups were examined with multiway analysis of variance. If analysis of variance revealed significant differences, pairwise tests of individual group means were compared with Bonferroni's probabilities. All statistical analyses were performed with standard statistical software programs (BMDP Statistical Software Inc., University of California Press, Los Angeles, Calif.). Results are presented as mean 2 standard error of the mean. Values of p < 0.05 were considered to be statistically significant.
Results
Representative contraction profiles at baseline for normothermic control and cardioplegia myocytes are illustrated in Fig. 1 , and steady-state myocyte contractile function for these two treatment groups is summarized in Table I . A significant reduction in contractile function was observed for myocytes exposed to hypothermic, hyperkalemic cardioplegic arrest and rewarming. Specifically, isolated myocyte velocity of shortening was reduced by 32% and myocyte percentage shortening was reduced by 27% in the cardioplegia group relative to the normothermic control group. The velocity of relengthening, which is an index of active relaxation, was significantly decreased by 33% in myocytes after hyperkalemic cardioplegic arrest.
To determine the effect of BDM supplementation on myocyte contractile function after hypothermic, hyperkalemic cardioplegic arrest, 20 mmol/L BDM Time (s) Fig. 1 . Representative contraction profiles for myocytes from the normothermic control, cardioplegia, and BDM-cardioplegia treatment groups. The extent of myocyte shortening with each contraction was significantly reduced for myocytes after hyperkalemic cardioplegic arrest. The addition of BDM to the cardioplegia solution restored myocyte shortening after hyperkalemic cardioplegic arrest to normothermic control values.
was included in the standard cardioplegic solution for the 2-hour incubation period. Steady-state myocyte contractile function from this portion of the study is illustrated in Table I . BDM supplementation preserved myocyte contractile function after hypothermic, hyperkalemic cardioplegic arrest.
There were no differences in velocity of shortening, percentage shortening, or velocity of relengthening between myocytes in the BDM-cardioplegia and normothermic control groups. A significant increase in velocity of shortening (21%) and percentage shortening (23%) was observed in myocytes with BDM supplementation (BDM-cardioplegia group) relative to myocytes that underwent cardioplegic arrest without BDM supplementation (cardioplegia group). Moreover, a significant increase (62%) in velocity of relengthening was measured in myocytes in the BDM-cardioplegia group relative to myocytes in the cardioplegia group. The time to 50% relaxation was significantly reduced in myocytes in the BDM-cardioplegia group relative to both normothermic control and cardioplegia groups.
To determine the effects of BDM supplementation on/3-adrenergic responsiveness after hypothermic, hyperkalemic cardioplegic arrest, 25 nmol/L isoproterenol was added to the medium of myocytes in the normothermic control, cardioplegia, and BDM-cardioplegia groups. The concentration of 25 nmol/L isoproterenol used in this study has been shown to produce a maximal contractile response in normothermic control myocytes. 8' 9, 23 The results for /3-adrenergic stimulation are summarized in Table I . Isoproterenol resulted in a significant increase in myocyte contractile function in normothermic control, cardioplegia, and BDM-cardioplegia groups. The velocity of shortening and percentage shortening increased by more than 150% in all myocyte treatment groups. Contractile function, however, of cardioplegia myocytes after isoproterenol administration remained significantly decreased compared with normothermic control myocytes. Cardioplegia supplementation with BDM significantly improved 13-adrenergic responsiveness after cardioplegic arrest to values observed with normothermic control myocytes. Myocytes exposed to cardioplegic arrest with BDM supplementation displayed significantly increased percentage and velocity of shortening relative to myocytes exposed to cardioplegic arrest without BDM supplementation after isoproterenol administration. Moreover, velocity of relengthening for myocytes after cardioplegic arrest and isoproterenol administration was significantly higher (33%) when BDM Supplementation was used. There were no differences in myocyte contractile indexes between normothermic control and BDM-cardioplegia myocytes after isoproterenol administration, with the exception of a reduced time to peak contraction and decreased total contraction duration observed in myocytes in the BDM-cardioplegia group.
To determine the effect of BDM on myocyte dimensions after hypothermic, hyperkalemic cardioplegic arrest, isolated myocyte profile surface area was measured by means of computer digitiza- Myocyte Profile Surface Area (lam 2) Fig. 2 . Profile surface area for myocytes from the normothermic control, cardioplegia, and BDMcardioplegia treatment groups. Profile surface area formed a Gaussian distribution. A significant increase in myocyte profile surface area occurred after hyperkalemic cardioplegic arrest. BDM supplementation of the cardioplegia solution prevented the increase in myocyte profile surface area associated with hyperkalemic cardioplegic arrest.
Discussion
Despite significant advances in myocardial preservation techniques, a reduction in left ventricular function still occurs after hypothermic, hyperkalemic cardioplegic arrest, and plays a major role in patient morbidity) The cellular basis and contributory mechanisms involved in such ventricular dysfunction after hypothermic, hyperkalemic cardioplegic arrest remain unclear but may involve an excess of intracellular calcium associated with a hyperkalemic extracellular milieu. 6' 7 This study demonstrates for the first time that the deleterious effects of hypothermic, hyperkalemic cardioplegic arrest on contractile function, /3-receptor stimulation, and volume regulatory processes within the myocyte can be prevented by the addition of BDM to the hyperkalemic cardioplegia solution.
The mechanism through which BDM preserved isolated myocyte contractile function in this study after hyperkalemic cardioplegic arrest is speculative, but is probably related to prevention of widespread cellular damage of myocytes caused by an overload of intracellular calcium. 11 '26' 27 The hyperkalemic environment associated with cardioplegia has been shown to induce an increase in intracellular calcium by several mechanisms, including increased transsarcolemmal calcium flux through slow calcium channels, potentiation of calcium release from the sarcoplasmic reticulum, and increase in calcium influx through sodium-calcium exchange activity.6, 7, 2s-30 This calcium overload state during cardioplegic arrest is further enhanced by an increase in cytosolic levels of free calcium that occurs with either ischemia or prolonged metabolic inhibition and contributes to calcium-induced myocyte damage. 1214 BDM has been shown to decrease intracellular calcium transients by reducing the transsarcolemmal calcium flux and decreasing the release of calcium from the sarcoplasmic reticulum. 18'2°-22 Moreover, BDM can result in a reduction in myofibrillar sensitivity to calcium. 17-~9 BDM has also been shown to uncouple myocardial excitation from contraction, presumably by a direct action on myosin molecules, and to protect ischemic myocardium from calcium-stimulated ATP loss and the damaging effects of ischemic contracture. 15' 16, 31 There is also evidence that the inhibition of calcium-dependent force development by BDM can protect against reoxygenation hypercontracture in ventricular myocytes. 26 Such reductions in intracellular free calcium and attenuation of calcium effects may therefore be responsible for the protective effect of BDM on myocyte contractile function after hyperkalemic cardioplegic arrest observed in this study. Direct measurements of intracellular calcium during hyperkalemic cardioplegic arrest and reperfusion with and without BDM supplementation would be useful to determine the contribution of alterations in cytosolic calcium transients to the protective effect observed.
One frequent consequence of hypothermic hyperkalemic cardioplegic arrest is myocardial edema. 32 With reperfusion after cardioplegic arrest, myocardial water content can increase, resulting in a reduction in left ventricular compliance, which in turn contributes to a deterioration in left ventricular performance.32, 33 In a previous study by this laboratory, we determined that a significant increase in isolated myocyte profile surface area occurred after hypothermic, hyperkalemic cardioplegic arrest, showing that the intracellular compartment participates in the myocardial edema observed in vivo. s' 32 The increase in myocyte profile surface area after hyperkalemic cardioplegic arrest is indicative of marked cellular swelling, since surface area is directly proportional to myocyte volume. 34 In the present study, BDM supplementation of the cardioplegia solution prevented the cellular swelling observed after hyperkalemic cardioplegic arrest. These results indicate that the disruption of cell volume regulatory processes associated with hyperkalemic cardioplegic arrest were prevented by the presence of BDM, which may reflect improvement of ionic homeostasis by BDM supplementation during hyperkalemic cardioplegic arrest.
In this study, the velocity of myocyte relengthening, which is an index of active relaxation processes and diastolic function, was significantly reduced after hypothermic hyperkalemic cardioplegic arrest. Increased intracellular calcium concentrations in diastole after reperfusion have been shown to be associated with a significant reduction of ventricular compliance and impaired relaxation, with actinmyosin cross-bridge formation and depletion of ATP levels. 35 The capacity for the sarcoplasmic reticulum of a postischemic myocyte to participate in the uptake of calcium may be impaired, which would result in increased diastolic intracellular calcium concentrations. 36' 37 The impairment of diastolic myocyte contractile function after hypothermic, hyperkalemic cardioplegic arrest has been shown to be especially pronounced in the presence of elevated extracellular calcium concentration, suggesting a potentiation of intracellular calcium overload in diastole through passive diffusion. 8 In this study, BDM supplementation restored active relaxation of myocytes after cardioplegic arrest to normothermic control values, which may in part reflect BDM-induced alterations in calcium transients. In fact, the time to 50% relaxation was reduced in myocytes after cardioplegic arrest with BDM supplementation compared with normothermic control myocytes, which again confirms improved diastolic function. This finding agrees with studies of wholeheart preparations undergoing prolonged hypothermic preservation in which BDM supplementation was shown to improve diastolic relaxation. 15'16 BDM inhibits actin-myosin cross-bridge formation and causes a decrease in myosin ATPase activity, which helps preserve ATP levels during arrest. 15' 38 Because active relaxation is an energy-dependent process, the preservation of ATP levels by BDM may contribute to the improved diastolic function.
An increase in myocyte contractile function was caused by /3-adrenergic stimulation both in the normothermic control group and after hyperkalemic cardioplegic arrest. In agreement with previous studies, however, /3-adrenergic responsiveness was reduced after hyperkalemic cardioplegic arrest, s'9 The decrease in/3-receptor density, concurrent with desensitization and down regulation of the/3-receptor system that has been shown to occur after hyperkalemic cardioplegic arrest, probably plays a major role in the reduced/3-adrenergic responsiveness observed. 39 It is also possible that elevated levels of cytosolic calcium during hyperkalemic cardioplegic arrest may have caused intracellular damage and thereby reduced activity downstream from the /3-adrenergic receptor system, affecting phosphorylation and integrity of calcium channels, or affecting actin-myosin complex cross-bridge cycling.40, 41 BDM supplementation of cardioplegia restored /3-adrenergic responsiveness of myocytes after hyperkalemic cardioplegic arrest, which may in part reflect prevention of calcium-induced cellular damage.11, i5, 26, 42 There is also evidence that synergy exists between cyclic adenosine monophosphate and ATP in signal transduction in cardiac myocytes, potentiating an inward calcium current during the action potential. 43 Preservation of ATP during hyperkalemic cardioplegic arrest by BDM may result in a potentiation of the /3-adrenergic response due to this synergism between ATP and cyclic adenosine monophosphate.
The isolated myocyte model used in this study allows measurement of contractile function in a precisely controlled extracellular milieu so that direct influences of agents such as BDM can be determined. Examination of contractile properties of isolated myocytes has other distinct advantages, including the removal of both loading conditions and neurohormonal activity, which could potentially influence ventricular performance in vivo, and the ability to directly measure contractile function independent of the effects of alterations in coronary perfusion. Although the isolated myocyte model has the advantage of direct measurements of myocyte contractile function, it also has several limitations. The buffering influence of extracellular proteins, which may play an important role in vivo, is not present. Moreover, myocytes in the cardioplegic arrest groups were continuously exposed to an elevated potassium concentration without magnesium for the entire 2-hour incubation period, which differs from many intermittent multidose cardioplegia techniques used clinically. These limitations, however, also reveal the strength of the isolated myocyte model, because an examination can be made of the direct effects of cardioplegic arrest on the myocyte, the basic functional unit of the heart. In summary, BDM prevented reductions in myocyte contractile function, /3-adrenergic responsiveness, and cellular swelling after hypothermic, hyperkalemic cardioplegic arrest. This study provides for the first time direct evidence that the deleterious effects of cardioplegic arrest on myocyte contractile function, volume regulation, and active relaxation can be prevented with BDM supplementation of the cardioplegia solution. In light of the fact that BDM decreases intracellular calcium transients, these findings suggest that the mechanism of action of BDM supplementation during hyperkalemic cardioplegic arrest is improved calcium homeostasis. Although additional research is required, BDM supplementation holds clinical promise as an adjunct for myocardial protection with cardioplegic arrest.
